allowing microalgae to grow on nutrients diffused into the PBRs from the surrounding seawater, for production of algal biomass and fatty acids (FAs) was demonstrated in a simulated ocean condition [15] . The productivities were directly correlated with the permeabilities of the SPMs. Although SPM-PBRs exhibited their feasibility for culturing microalgae, the results were obtained in controlled conditions. Since the environmental conditions continuously change in the ocean, the performances of the PBRs in the ocean and the effects of environmental factors on the productivities should be investigated.
In this study, Tetraselmis sp. was cultivated using SPMPBRs with different permeabilities to evaluate algal biomass and FA productivities in seawater of Young-Heung Island, Incheon, Korea. We also analyzed the relationships between biomass productivities and environmental conditions.
A locally isolated green microalga, Tetraselmis sp. KCTC12236BP, was used owing to its high adaptabilities to the environment and to minimize the impact to the local environment in case of cell leakage. The cells were cultivated in artificial seawater supplemented with f/2-Si [15] . The seed culture was maintained in flasks at 18°C with continuous light of 50 µE m -2 s -1 . Biomass concentrations were measured using Multisizer 3 (Beckman Coulter, FL, USA). FAs were analyzed on a gas chromatograph (Younglin, Korea) [23] . Total inorganic carbon concentrations in seawater were analyzed by a TOC analyzer (Analytical Jena, Germany) [28] . April, July, and November 2012, respectively. The nutrients concentrations, pH, and salinity of the seawater are summarized in Supplemental Data 2. Significant seasonal variations of these parameters were not observed throughout the experimental periods. Considering the high dependence of algal growth in the SPM-PBRs on the nutrient transfer rates, the consistent seawater composition is favorable for reliable algal biomass and FA production.
The biomass productivities varied from 13.2 to 42.9 mg l -1 day -1 depending on the culture season and type of SPM (Fig. 1) . The biomass productivity was directly proportional to the mass transfer rates of SPMs within a season. As the nutrients for algae were supplied from the surrounding seawater, microalgal growth was dependent on the nutrient permeability as shown in a previous study [15] . While the effect of nutrient permeability on biomass productivity of the SPM-PBRs was the same in all seasons, the deployment in summer resulted in the highest productivities.
The average daily solar radiation in spring (8.3 ± 1.8 MJ m -2 day -1 ) and summer (10.7 ± 2.3 MJ m -2 day -1 ) were higher than that in fall (5.0 ± 2.0 MJ m -2 day -1 ). The atmospheric temperature fluctuated daily whereas seawater temperature remained constant during the cultivation period in each season (Fig. 2) . Owing to the greater specific heat capacity of seawater than atmosphere, the seawater temperature did not increase or decrease quickly, resulting in approximately 5°C lower seawater temperature in spring than in fall. Generally, in outdoor cultures of microalgae, the major factor influencing biomass productivity is the light condition [8] . The conventional algal culture systems often aim to minimize the influences of factors other than light, such as temperature and nutrients, on biomass productivity [14, 20, 25] . Therefore, algal biomass productivity would be highest in summer, followed by spring and fall. In contrast, because it is difficult to control the seawater temperature, the culture temperature can be seen as a more critical parameter for biomass production than the light conditions for ocean cultures.
In laboratory experiments, the optimal temperature range of Tetraselmis sp. culture was 18 ± 2°C. When cells were cultivated at 10°C, the biomass productivity decreased to 42.0 ± 3.5% of that at 15°C (data not shown). At a culture temperature above or below the optimal range, the algal growth rate could be sharply decreased [20] . Thus, despite the higher solar irradiance, the lower biomass productivity in spring than in fall was caused by the lower seawater temperature. Indeed, a linear relationship between seawater temperature and algal biomass productivity was found, whereas the solar irradiance was not correlated with algal biomass productivity (Fig. 3) . One way to increase biomass productivity in spring would be culturing different microalgae in the colder seasons. Some microalgae have an optimal growth temperature as low as 4°C [22] . By culturing microalgae having an optimal growth temperature of approximately 12°C, a significant increase in biomass productivity could be achieved in the spring.
Palmitic acid and oleic acid were the dominant FA accounting for 30.7 ± 2.3% and 27.1 ± 2.6%, respectively, followed by linolenic acid, hexadecatetraenoic acid, and linoleic acid (Table 1 ). There were no significant differences in FA compositions among the three seasons, contrary to other studies that reported low temperature promotes formation of unsaturated FAs [10, 25] . It has also been reported that the culture temperature could change the FA contents in some microalgae [4, 6] , but significant changes in FA contents were not observed in this study. The FA productivities were increased in proportion to increased biomass productivities at higher temperature. The highest FA productivity obtained was 5.2 mg l -1 day -1 from SPM D in summer among all the SPM-PBRs in the three seasons. Compared with other culture systems, the productivity was similar to the values from raceway ponds (3-6 mg l -1 day -1 ) [5, 17] and lower than those from closed outdoor PBRs (22-204 mg l -1 day -1 ) [7, 21] .
Microalgae were cultured using SPM-PBRs without supply of any nutrients or additional power consumption for algal cultures. Investigations on other aspects of marine PBRs, such as geometry, are also in progress. By applying the results to SPM-PBRs, better culture systems for the economic and sustainable production of microalgal FAs by utilizing ocean resources will be developed. 
